. Func-changes in movement topography were observed in the rat tional reorganization of the rat motor cortex following motor skill motor cortex in response to manipulations of sensory input learning. J. Neurophysiol. 80: 3321-3325, 1998. Adult rats were (Huntley 1997; Keller et al. 1996) , peripheral denervation allocated to either a skilled or unskilled reaching condition (SRC (Donoghue et al. 1990), cortical administration of g-aminoand URC, respectively). SRC animals were trained for 10 days on butyric acid antagonists (Jacobs and Donoghue 1991), and a skilled reaching task while URC animals were trained on a simple repetitive electrical stimulation (Nudo et al. 1990 ). Howbar pressing task. After training, microelectrode stimulation was ever, the effects of motor skill learning on the organization used to derive high resolution maps of the forelimb and hindlimb of the rodent motor cortex were not explored. In this experirepresentations within the motor cortex. In comparison with URC ment, we examine the topography of movement representaanimals, SRC animals exhibited a significant increase in mean area of the wrist and digit representations but a decrease in elbow/ tions within the motor cortex after training on a skilled reachshoulder representation within the caudal forelimb area. No be-ing task that has previously been shown to alter pyramidal tween-group differences in areal representation were found in ei-cell morphology (Greenough et al. 1985; Withers and ther the hindlimb or rostral forelimb areas. These results demon-Greenough 1989).
ever, the effects of motor skill learning on the organization used to derive high resolution maps of the forelimb and hindlimb of the rodent motor cortex were not explored. In this experirepresentations within the motor cortex. In comparison with URC ment, we examine the topography of movement representaanimals, SRC animals exhibited a significant increase in mean area of the wrist and digit representations but a decrease in elbow/ tions within the motor cortex after training on a skilled reachshoulder representation within the caudal forelimb area. No be-ing task that has previously been shown to alter pyramidal tween-group differences in areal representation were found in ei-cell morphology (Greenough et al. 1985 ; Withers and ther the hindlimb or rostral forelimb areas. These results demon- Greenough 1989) .
strate that motor skill learning is associated with a reorganization of movement representations within the rodent motor cortex.
M E T H O D S I N T R O D U C T I O N

Behavioral training
Historically, studies of motor learning focused on changes in neuronal activity in association with simple reflex adaptaEight male, Long-Evans hooded rats, Ç5 months of age (450- tion (Lisberger and Pavelko 1988; Thompson 1990 ). Recent 550 g), were randomly assigned to either a skilled reaching condiwork examining the development of more complex mo-tion (SRC; n Å 4) or an unskilled reaching condition (URC; n Å tor behaviors revealed a robust pattern of anatomical 4) in a manner that equally distributed littermates across condition. (Greenough et al. 1985; Kleim et al. 1998 ) and physiological Animals were placed on a restricted diet (50 mg food/1 g body (Greenough et al. 1996) changes within various sensorimo-weight/d) for 3 days before training and housed in a large Plexiglas tor brain regions. Within the motor cortex, rats trained to cage (40 1 40 1 35 cm) for the entire experiment. The cage was divided into two equal compartments by a clear Plexiglas barrier, complete a complex motor learning task had significantly and each compartment had a slotted opening (1 1 3 cm) at the more synapses/neuron than both active and inactive controls front of the cage. The URC compartment also had a small lever (Kleim et al. 1996) . Similarly, pyramidal cells within the (2 1 2 cm) located within the cage beneath the opening. Pressing motor cortex of rats trained on a skilled reaching task had the lever dispensed a food pellet (45 mg, Bioserv) into a nearby more extensive dendritic arborizations than those of non-receptacle, and the animals retrieved the pellet by using the tongue trained controls (Greenough et al. 1985 ; Withers and and mouth. SRC animals were given a brief shaping procedure, 1 Greenough 1989) . These anatomical changes are consistent day before training, that encouraged them to reach through the slot with enhanced synaptic responses also reported within the to obtain food pellets (45 mg, Bioserv) from a circular, stationary motor cortex in association with motor skill learning (Fried- man et al. 1997; Woody et al. 1991) .
the table was moved 1 cm away from the opening, forcing the How changes in the structure and function of individual animals to grasp the pellets rather than simply scrape them into the cage. On training days 6 through 10, pellets were placed onto cortical neurons contribute to the acquisition of motor skill 16 equally spaced positions around the perimeter of the table, is unclear. One possibility is that they serve to support some which was then slowly rotated (6 rpm). During each training seschange in the functional organization of the cortex. In supsion, SRC animals were allowed to retrieve pellets until a total of port of this hypothesis, Nudo et al. (1996) demonstrated 400 reaches was made (Ç30 min). The number of reaches per that squirrel monkeys trained on a small object retrieval task successful retrieval was then calculated for each session. URC requiring skilled use of the digits exhibited an expansion of animals were given 400 pellets per day (for 10 days) that could digit representation within the primary motor cortex. Further be individually obtained ad libitum by pressing the lever. The paw used preferentially for lever pressing (URC) and skilled reaching
The costs of publication of this article were defrayed in part by the (SRC) was noted. In addition to the food pellets obtained during 11-23-98 14:51:57 neupa LP-Neurophys maps of the motor cortex contralateral to the trained paw (see Nudo et al. 1990 for further details). Briefly, animals were initially anesthetized with ketamine hydrochloride (70 mg/kg ip)/xylazine (5 mg/kg ip) and received supplementary doses of ketamine (20 mg/kg ip) and acepromazine (0.02 mg/kg ip) as needed. Microelectrode (600-800 kV) penetrations were made at 250-mm intervals at a depth of Ç1,800 mm (corresponding to cortical layer V) with a hydraulic microdrive. Stimulation consisted of a 40-ms train of 13, 200-ms monophasic cathodal pulses delivered at 350 Hz from an electrically isolated, constant current stimulator. Pulse trains were delivered at a rate of 1 Hz. Evoked movements were examined while the animals were maintained in a prone position and the limb supported in a consistent position. At each site, stimulating current was gradually increased (°60 mA) until a movement could be detected (threshold current). If no movement could be detected at°60 mA, the site was defined as nonresponsive. A computer algorithm was used to define movement regions from the pattern of electrode penetrations made on the cortical surface (Nudo et al. 1990 ). An image analysis program (IMAGE v1.61) was then used to calculate the areal extents of each movement category within the rostral forelimb area (RFA), the caudal forelimb area (CFA), and the hindlimb area (HLA) (Neafsey and Sievert 1982; Neafsey et al. 1986 ). Thresholds were also tallied to obtain a mean threshold for each movement category. FIG . 1. Performance on the skilled reaching task (n Å 4). Mean number of reaches/retrieval ({SE) progressively decreased during both the stationary and rotating table phases.
R E S U L T S
Behavioral results Electrophysiological mapping
An analysis of variance with DAY as a within-subject facWithin 2 days of the final training session, standard microelectrode stimulation techniques were used to derive high resolution tor showed a significant effect of DAY on number of reaches FIG . 2. Reorganization of motor representations after skilled reach training from 2 animals from each condition. Animals in the skilled reaching condition (SRC; n Å 4) exhibited an increase in wrist (green) and digit (red) representations and a decrease in elbow/shoulder representations (light blue) in the caudal forelimb area (CFA) in comparison with animals in the unskilled reaching condition (URC; n Å 4). No differences in movement topography were found in the rostral forelimb area (RFA) or the HLA (dark blue). Sites eliciting head, neck, or vibrissa movements are shown in yellow and nonresponsive sites in gray. FIG . 3. Mean ({SE) total area of movement representations in the RFA (A) and CFA (B) for all SRC (n Å 4) and URC (n Å 4) animals. SRC animals had significantly increased areal representations of digit ( F) and wrist (G) movements but decreased elbow/shoulder representations ( H) in the CFA in comparison with the URC animals (* P õ 0.05; **P õ 0.01; ***P õ 0.001). No significant differences were found in the RFA ( C-E).
per successful pellet retrieval for animals in the SRC tion of either the RFA [t(6) Å 0.16; P Å 0.88] or CFA [F(2,6) Å 7.08; P õ 0.05; Fig. 1 ]. The mean number of [t(6) Å 1.84; P Å 0.12; Fig. 3, A and B] . Within the RFA, there were also no significant differences in areal representareaches per retrieval progressively declined over the first 5 tions of the digits [t(6) Å 0. (Fig. 3, F and 
G) Electrophysiological results
Conversely, the URC animals had significantly greater elbow/shoulder representations than the SRC animals [t(6) Å Each evoked movement map was derived from Ç198 ({8) microelectrode penetration sites (Fig. 2) . Student's t-6.85 P Å .0006; Fig. 3H ] in the CFA. The mean representational area of the hindlimb did not differ significantly betests (two-tailed, independent; P õ 0.05) revealed no significant between-group differences in total areal representa-tween the URC (1.17 { 0.18 mm 2 ) and SRC (1.13 { 0.23
11-23-98 14:51:57 neupa LP-Neurophys Values are means { SE. movement thresholds within the rostral and caudal forelimb areas. No significant differences [t(6); P õ 0.05) between the skilled reaching condition (SRC; n Å 4) and unskilled reaching condition (URC; n Å 4) animals were found. mm 2 ) animals [t(6) Å0.02; P Å 0.98]. No significant be-and Pellis 1990). Furthermore, increased use in the absence tween-group differences in evoked movement thresholds of skill acquisition has been shown to result in no net change were found for any movement category in either forelimb in movement topography within the primate motor cortex region (Table 1) . Similarly, no significant differences in (Nudo et al. 1997) or synapse number within the rat motor evoked movement thresholds were found between the URC cortex (Kleim et al. 1996) . (45.5 { 3.32 mA) and SRC (45.6 { 2.98 mA) animals within Given the robust changes in movement representations the HLA [t(6) Å 0.01; P Å 0.97].
observed in the CFA, the failure to find any significant changes in movement topography within the RFA was somewhat surprising. It is possible that, because of the small size D I S C U S S I O N of this area, subtle changes in movement topography might Rodent models of skilled reaching have been used exten-go undetected with the spatial resolution of the motor maps sively to study the neural bases of movement (Whishaw et obtained here. The RFA was suggested to be functionally al. 1993), recovery from brain damage (Price and Fowler distinct from the CFA based on differences in connectivity 1981), and motor skill learning (Greenough et al. 1985) . (Roullier et al. 1993) , its apparent lack of sensory input These experiments have shown that the motor cortex is in-(Sievert and Neafsey 1986), and the presence of movementvolved in executing reaching movements (Castro 1972) and related activity that precedes that of the CFA (Donoghue exhibits structural/physiological changes in response to 1985). An intriguing possibility is that these two motor areas skillfully adapting these movements (Friedman et al. 1997 ; participate in different aspects of movement control (Barth Greenough et al. 1985; Withers and Greenough 1989) . This et al. 1990 ) and thus exhibit different patterns of plasticity experiment extends these results to show that the functional in response to motor skill acquisition. organization of the rodent motor cortex is also systematically altered by motor skill learning. Rats trained to produce coordinated wrist and digit movements to grasp/retrieve the pellet. The increased cortical representation of the wrist and REFERENCES digits found in this experiment may reflect the acquisition of the skilled wrist and digit movements associated with BARTH, T. M., JONES, T. A., AND SCHALLERT, T. Functional subdivisions successfully performing the task. at the expense of elbow/shoulder movement representations Brain Res. 37: 173-185, 1972. as URC animals had a significantly greater area of elbow/ DONOGHUE, J. P. Contrasting properties of neurons in two parts of the shoulder representations than SRC animals. It is possible primary motor cortex of the awake rat. Brain Res. 333: 173-177, 1985. that the larger elbow/shoulder representations seen in the DONOGHUE, J. P., SUNER, S., AND SANES, J. N. Dynamic organization of primary motor cortex output to target muscles in adult rats. II. rapid URC animals resulted from pressing the lever. However, the reorganization following motor nerve lesions. Exp. Brain Res. 79: 492-URC maps in this experiment were similar to previously 503, 1990. reported maps from untrained animals where the CFA was FRIEDMAN, D., RIOULT-PEDOTTI, M. S., AND DONOGHUE, J. P. Motor skill dominated by elbow/shoulder representations with some acquisition strengthens horizontal connections in adult rat motor cortex.
wrist and little or no digit representations (Neafsey and Soc. Neursoci. Abstr. 23: 227, 1997 . GREENOUGH, W. T., LARSON, J. R., AND WITHERS, G. S. Effects of unilateral Sievert 1982; Neafsey et al. 1986; Nudo et al. 1990) . It is and bilateral training in a reaching task on dendritic branching of neurons also unlikely that the increased elbow/shoulder representain the rat sensory-motor forelimb cortex. Behav. Neural tions in the URC animals resulted simply from increased 314, 1985. use as the reaching movements performed by the SRC ani-GREENOUGH, W. T., SWAIN, R. A., KLEIM, J. A., AND 
